Locomotion is controlled by spinal networks that generate rhythm and coordinate left-right and flexorextensor patterning. Defined populations of spinal interneurons have been linked to patterning circuits; however, neurons comprising the rhythm-generating kernel have remained elusive. Here, we identify an ipsilaterally projecting excitatory interneuron population, marked by the expression of Shox2 that overlaps partially with V2a interneurons. Optogenetic silencing or blocking synaptic output of Shox2 interneurons (INs) in transgenic mice perturbed rhythm without an effect on pattern generation, whereas ablation of the Shox2 IN subset coinciding with the V2a population was without effect. Most Shox2 INs are rhythmically active during locomotion and analysis of synaptic connectivity showed that Shox2 INs contact other Shox2 INs, commissural neurons, and motor neurons, with preference for flexor motor neurons. Our findings focus attention on a subset of Shox2 INs that appear to participate in the rhythm-generating kernel for spinal locomotion.
SUMMARY
Locomotion is controlled by spinal networks that generate rhythm and coordinate left-right and flexorextensor patterning. Defined populations of spinal interneurons have been linked to patterning circuits; however, neurons comprising the rhythm-generating kernel have remained elusive. Here, we identify an ipsilaterally projecting excitatory interneuron population, marked by the expression of Shox2 that overlaps partially with V2a interneurons. Optogenetic silencing or blocking synaptic output of Shox2 interneurons (INs) in transgenic mice perturbed rhythm without an effect on pattern generation, whereas ablation of the Shox2 IN subset coinciding with the V2a population was without effect. Most Shox2 INs are rhythmically active during locomotion and analysis of synaptic connectivity showed that Shox2 INs contact other Shox2 INs, commissural neurons, and motor neurons, with preference for flexor motor neurons. Our findings focus attention on a subset of Shox2 INs that appear to participate in the rhythm-generating kernel for spinal locomotion.
INTRODUCTION
Locomotion is a complex motor behavior that involves the patterned activation of limb and body muscles. In vertebrates, the rhythmic muscle activities that drive locomotion depend on the activity of spinal neural networks termed central pattern generators (CPGs) . At their core, CPGs comprise interconnected groups of excitatory and inhibitory neurons, the output of which is sufficient to generate aspects of both motor rhythm and pattern. In brief, rhythm-generating neurons impose locomotor timing and set the pace of the rhythm. Patterning neurons direct the sequential activation of motor neuron pools. Thus, coordinated motor pattern adheres to the timing set by the rhythm generator. From work on the CPGs for swimming in lamprey and Xenopus tadpole, ipsilaterally projecting excitatory interneurons (iEINs) are thought to be responsible both for rhythm generation and the activation of motor neurons, whereas inhibitory commissural interneurons are involved in left-right alternation (Buchanan and Grillner, 1987; Roberts et al., 1998; Li et al., 2006) . Similarly for the mammalian CPG that directs walking, ipsilateral inhibitory neurons are involved in setting up flexor-extensor alternation and contralaterally-projecting commissural neurons ensure left-right coordination (Talpalar et al., 2011; Butt et al., 2002a; Butt and Kiehn, 2003; Zhong et al., 2006; Jankowska, 2008; Kiehn, 2006) . Mammalian rhythm-generating interneurons are thought to be excitatory (Kiehn, 2006; Grillner and Jessell, 2009) and to project ipsilaterally (Kiehn, 2006) , but their molecular and functional identity has remained elusive.
The classification of spinal neurons on the basis of embryonic expression of transcription factors has permitted identification of excitatory and inhibitory interneuron populations (Jessell, 2000; Goulding, 2009) . Two classes of glutamatergic iEINs have been analyzed: V2a and Hb9 interneurons. V2a interneurons express Chx10, comprise the major set of iEINs in the ventral spinal cord (Al-Mosawie et al., 2007; Lundfald et al., 2007) and exhibit rhythmic activity during locomotion (Dougherty and Kiehn, 2010a; Zhong et al., 2010) . Embryonic ablation of V2a neurons leads to the disruption of normal left-right alternation in a speed-dependent manner, and the inability to evoke locomotion by stimulation of descending fibers (Crone et al., 2008 (Crone et al., , 2009 ), but does not impact the rhythmogenic capacity of the spinal CPG. Yet in zebrafish spinal cord, interneurons analogous to mammalian V2a neurons have been implicated in rhythm generation (McLean et al., 2008; Eklö f-Ljunggren et al., 2012) . iEINs marked by the expression of the transcription factor Hb9 are rhythmically active but, by virtue of Hb9 expression in motor neurons, their influence on rhythmic motor output remains unclear (Hinckley and Ziskind-Conhaim, 2006; Wilson et al., 2005) . The contribution of other molecularly defined classes of ventral excitatory interneurons to rhythmogenic behaviors is uncertain.
Here, we set out to identify interneuron populations involved in the generation of motor rhythm. We describe a set of iEINs that expresses the homeodomain transcription factor Shox2 (Shox2 INs). The Shox2 + and Chx10 + interneuron subsets exhibit substantial overlap, but $25% of Shox2 INs lack Chx10 expression, uncovering a previously unappreciated set of spinal iEINs. Blocking the output of Shox2 INs has a marked impact on spinal rhythmogenic activity. Locomotor frequency decreases while left-right and flexor-extensor alternation remains intact, an effect not mimicked by inactivation of Chx10 + V2a interneurons. Electrophysiological and anatomical analysis of Shox2 INs reveals recurrent interconnections, input to motor neurons in a flexor-biased manner, and rhythmic bursting during fictive locomotor activity. These findings imply that Chx10 off Shox2 + INs constitute part of the rhythm-generating network, providing key insights into the logic of iEIN diversity and motor rhythmicity.
RESULTS

Shox2 Marks a Subpopulation of Excitatory Interneurons in the Ventral Spinal Cord
To identify distinct populations of iEINs, we performed a microarray screen for genes preferentially enriched in ventral spinal cord at lumbar levels (Zagoraiou et al., 2009 ; Table S1 available online). We found that the homeobox gene Shox2 was expressed at P0-P1 by a set of interneurons present along the entire rostrocaudal axis of the spinal cord. In the transverse plane, these neurons occupied an intermediate domain that extended mediolaterally from close to the central canal to the edge of the gray matter ( Figure 1A ). To define the origin and distribution of Shox2 neurons in greater detail we generated a Shox2::Cre mouse line ( Figure 1B ) and performed lineage tracing with fluorescent protein (FP) conditional reporter mice (Rosa26-YFP/tdTomato and Z/EG lines).
Comparison of FP and endogenous protein expression revealed that Shox2 expression begins around E11.5 and persists until postnatal stages, although expression is extinguished from many FP + interneurons at later embryonic stages: $80% of FP + neurons expressed Shox2 at E12.5, compared to $35%
at P0-P1 ( Figures 1C and 1D ). In our subsequent analyses, we define Shox2 interneurons (Shox2 INs) on the basis of Shox2::Cre directed FP expression, independent of maintained Shox2 expression. To define the neurotransmitter phenotype of Shox2 INs, we monitored the status of vGluT2 expression in Shox2::Cre; Tau-GFP-nlsLacZ mice. We found that > 98% of Shox2 + neurons expressed vGluT2 transcript (n = 3; Figure 1E ), indicating that Shox2 INs are glutamatergic. We next addressed the extent of subtype diversity of Shox2 INs. The settling position of Shox2 INs overlapped that of V2a neurons, marked by expression of the transcription factor Chx10 (Jessell, 2000; Crone et al., 2008; Lundfald et al., 2007) . We therefore determined the extent of overlap of FP and Chx10 expression in lumbar spinal cord tissue derived from Shox2::Cre; FP reporter mice ( Figure 1F ). At P0-1, we found that 77% of Shox2 INs coexpressed Chx10 and conversely that 60% of Chx10 + INs were marked by Shox2-directed FP expression ( Figure 1F ). Panayi et al., 2010 Figures 1H-1J ), presumably dorsal di4-6 and di3 domain derivatives (Helms and Johnson, 2003; Mü ller et al., 2002 Figures 1K and 1L ). We also tested whether Shox2 INs could be back-labeled by tetramethylrhodamine dextran (TMR) applied contralaterally in a parasagittal slit cut along the ventral surface of the lumbar spinal cord (L1-L6). By this criterion, fewer than 1% of GFP-expressing neurons had axons crossing the midline ( Figure 1M ). Thus, Shox2 INs innervate ipsilateral targets.
Ablation of Shox2 + V2a Neurons Has Modest Effects on
Locomotor-like Activity Elimination of Chx10 INs in mice disrupts left-right alternation at high speeds of locomotor activity in vitro and in vivo and decreases the fidelity of locomotor burst amplitude and duration in vitro (Crone et al., 2008 (Crone et al., , 2009 Figure 2A ). Application of NMDA increased the locomotor frequencies in a concentration-dependent manner but revealed Figure 2D ). We detected pronounced left-right and flexor-extensor alternation at all locomotor burst frequencies examined, with a preferred vector at $180 in isolated spinal cords from both control and Shox2-Chx10DTA mice ( Figures 2E and 2F ). The coefficients of variation for the main locomotor parameters (cycle period, burst duration, and amplitude) were increased in Shox2-Chx10DTA mice as compared to controls ( Figure 2G ) similar to locomotor changes after elimination of all V2a neurons (Crone et al., 2008 (Crone et al., , 2009 . At higher speeds of locomotion, the variability decreased but coupling was unaltered. Flexor-extensor coupling was not significantly different at any locomotor frequency. These findings underscore a role for Chx10 off Shox2 INs in rhythm generation (a change in frequency) but with little to no effect on left-right and flexor-extensor coordination. However, in addition to influencing locomotor frequency, elimination of Shox2 INs also affected the stability of the rhythm, in a manner similar to that seen when all V2a neurons were ablated (Crone et al., 2008) , and when the Shox2 + V2a neurons are eliminated (this study 3H ). In controls, burst frequency increased with stimulus strength ( Figure 3I ). However, locomotor frequency in Shox2-vGluT2 D/D cords was slower than controls at all stimulus intensities, apart from the lowest ( Figure 3I ). Additionally, in Shox2-vGluT2 D/D spinal cords locomotor frequency failed to increase with increasing stimulus intensity ( Figure 3I ). Left-right and flexor-extensor activities were in alternation (offset $180 ) in both control and Shox2-vGluT2 D/D mice at all stimulation intensities tested ( Figures 3J and 3K ). These experiments show that Shox2 INs may be involved in mediating the descending locomotor drive and/or generating the rhythmic activity in the spinal cord.
Although some of the reduction in frequency seen in neural-evoked locomotion may be due to a loss of Shox2-related descending drive, the drug-induced method to evoke locomotor-like activity bypasses the neural-evoked pathways for initiating locomotor-like activity. Together, the lower drugevoked and stimulus-evoked locomotor frequencies seen in Figure 4A ). To evaluate the effect of acute inactivation of Shox2 INs, locomotion was induced with 7 mM NMDA and 8 mM 5-HT in the isolated spinal cord of Shox2::Cre; Rosa26-eNphR-YFP mice and 30 s light pulses were delivered to the ventral side of the spinal cord. Locomotor frequency before exposure to light (mean = 0.36 ± 0.02 Hz) was similar to that seen in See also Figure S2 .
Neuron
Locomotor Rhythm Generation Linked to Shox2 INs controls (0.38 ± 0.01 Hz, p = 0.43). However, exposure of the rostral lumbar cord to light ( Figure 4B ) decreased the locomotor frequency to a maintained lower frequency (85% ± 4% of control) for the duration of illumination ( Figures 4C, 4D , and 4F). After light extinction, locomotor frequency returned to prestimulus values after an initial poststimulus rebound (108% ± 3% of control; see Warp et al., 2012) . The effects of photoillumination on burst amplitude were variable. In some spinal cords (n = 4), amplitude was reduced at the start of the light pulse and gradually increased in amplitude throughout the stimulation (as in Figure 4C ). In others (n = 3), there was no obvious effect of the light-stimulus on burst amplitude. Left-right and flexor-extensor coordination were not affected by the change in locomotor frequency in any of the experiments. When locomotor-like activity was induced by electrical stimulation of descending fibers, light inactivation of Shox2 INs during neural-evoked locomotor-like activity decreased locomotor frequency to 73% ± 7% of control values, but had no consistent effect on the amplitude of locomotor bursts ( Figures 4E and 4G) .
Together, these experiments demonstrate that acute inactivation of the entire population of Shox2 INs has effects on the frequency of locomotor-like activity similar to those seen when the entire population of Shox2 INs was chronically removed from the network.
Most Shox2 INs Are Rhythmically Active during Locomotor-like Activity
Neurons involved in locomotor rhythm generation should be rhythmically active during locomotion. We tested the activity of GFPlabeled neurons in the Shox2::Cre; Z/EG mice during locomotorlike activity using dorsal-horn-removed preparations in which Shox2 INs were visually identified for whole-cell recordings, while monitoring motor output from ventral roots ( Figure 5A ). Locomotor-like activity was induced by application of 5-HT and NMDA. Of 70 Shox2 INs analyzed during locomotor-like activity, 52 fired action potentials while the other 18 remained subthreshold. We found that 62% of spiking neurons (32/52) fired rhythmically in relation to the local ventral root ( Figures 5B, 5D , and 5E), while 69% (36/52) exhibited clear phase-related membrane potential oscillations. Of the nonspiking neurons, 61% (11/18) exhibited membrane potential oscillations in phase with ventral root bursts ( Figures 5C and 5F ). Thus, Shox2 INs are rhythmically active during drug-evoked locomotor-like activity.
We next analyzed, separately, the set of Shox2 INs located in predominantly flexor-related (L2 and L3) or extensor-related (L4 and L5) segments. We found that 20/27 of the Shox2 INs in L2/L3 spiked rhythmically whereas only 12/25 of the L4/L5 Shox2 INs spiked rhythmically. For both rhythmic firing and membrane oscillations, there was a clear flexor dominance. We found that 70% of neurons in L2/L3 (14/20) spiked in phase with local flexor-related ventral root activity, whereas in L4/L5, spiking was equally divided into flexor-and extensor-related neurons. Approximately 60% of L2/L3 (15/26) and of L4/L5 (13/ 21) Shox2 INs had the depolarizing peak in the flexor phase. Therefore, regardless of segment, most Shox2 INs are rhythmically active in the flexor-phase. This finding is in contrast to rhythmic Chx10-GFP neurons (a mix of Shox2 + and Shox2 off V2a neurons), where flexor-and extensor-related neurons were evenly distributed throughout the lumbar cord Kiehn, 2010a, 2010b) .
Premotor Shox2 INs Exhibit Flexor Motor Neuron Biased Connectivity Profiles
Our electrophysiological findings on Shox2 INs reveal preferential activation of Shox2 INs during the flexor phase of locomotion. To determine whether this feature is correlated with connectivity profiles detected at the premotor level, we evaluated connectivity between Shox2 INs and motor neurons. First, we injected a floxed-synaptophysin-GFP adeno-associated virus into the spinal cords of P3 Shox2::Cre mice and monitored the presence of GFP-labeled Shox2 IN terminals on motor neurons at P17 (Figures 6A-6D ). We observed many Shox2 IN terminals in lamina IX, often in apposition to motor neuron somata and proximal dendrites ( Figures 6A-6C ). Shox2 IN terminals were also detected in the intermediate zone and in lamina VIII, the settling position of other CPG interneurons. High-resolution reconstructions of synaptic input from Shox2 INs to motor neurons innervating ankle flexor tibialis anterior (TA) or ankle extensor gastrocnemius (GS) muscles, specifically marked by retrograde labeling from the muscle, revealed a Shox2 IN synaptic bias toward flexor (TA) motor neurons ( Figure 6D ). To determine the position of Shox2 INs that are monosynaptically connected to motor neurons, we performed retrograde transsynaptic labeling by the application of rabies viruses with monosynaptic restriction (Stepien et al., 2010; Tripodi et al., 2011) . We carried out unilateral virus injections coincidently into several hindlimb muscles to target many premotor neurons. We found that $50% of Shox2 INs in the rostral lumbar spinal cord were transsynaptically marked from hindlimb innervating motor neurons, whereas this fraction decreases caudally ( Figures 6E-6G ). Contour plots of premotor and nonpremotor Shox2 INs show that within the entire cohort of Shox2 INs, premotor Shox2 INs are biased toward a more lateral compartment in the spinal cord than nonpremotor Shox2 INs, defining two distinct peaks in the overall Shox2 IN distribution ( Figure 6H) .
Our results show a segregation in location of Shox2 neurons based on their connectivity or lack of connectivity to motor neurons ( Figure 6H ). Therefore, we next determined if the Shox2 INs connecting with flexor and extensor motor neurons are also segregated anatomically. In experiments tracing monosynaptic rabies virus spread separately from GS and TA motor neurons, we found that the percentage of Shox2 INs labeled from TA was three-fold greater than from GS ( Figures  6I-6L ). Whereas Shox2 INs constituted 5% of last order neurons labeled from the TA motor neurons, they only made up 1.5% of GS premotor neurons ( Figure 6L ), confirming the clear flexor bias of these connections observed also by anterograde tracing (Figures 6D and 6L ). This flexor dominance was evident at the level of all Shox2 premotor INs, regardless of rostralcaudal location. Both GS and TA injections labeled Shox2 INs in overlapping areas of the most lateral area of lamina VII (Figures 6I-6K ) demonstrating that the Shox2 INs projecting to flexor and extensor motor neurons are intermingled.
In summary, our findings suggest that Shox2 INs segregate into a laterally located premotor population and a more medially-positioned population, which corresponds to the location of the Shox2 + nonpremotor INs. Additionally, within the premotor Shox2 IN population, there is a connectivity bias toward flexor motor neurons.
Connectivity Pattern of Shox2 INs in the Lumbar Spinal Cord
Based on findings in other locomotor networks, rhythmgenerating neurons are interconnected and provide excitation to several other identifiable CPG neurons. We therefore further evaluated the connectivity of Shox2 INs ( Figure 7A ).
Shox2 INs Form Interconnections
Rhythm-generating neural networks in Xenopus tadpole and lamprey are thought to be excitatory neurons that are recurrently, although sparsely, interconnected (Roberts et al., 1998; Grillner, 2003) . dorsal-horn-removed preparations. Depolarizing synaptic connections were detected in 4 of 41 pairs of Shox2 INs ( Figures  7B-7D ). In all four cases, coupled pairs were found in close proximity and connections were unidirectional: spiking in one neuron resulted in EPSPs in the second neuron, but there was no reciprocal activation. In two of the connected pairs, EPSPs built up with each successive spike ( Figure 7C ). The amplitude of the EPSPs ranged from 0.05 to 1 mV. Thus, Shox2 INs are sparsely interconnected, without direct monosynaptic feedback. Connectivity among neurons in excitatory populations may be expected and has been examined in a similar manner in other populations (Dougherty and Kiehn, 2010a; Zhong et al., 2010; Wilson et al., 2005; Hinckley and Ziskind-Conhaim, 2006) , although electrical connectivity has been demonstrated (Hinckley and Ziskind-Conhaim, 2006; Zhong et al., 2010) . Here, we show glutamatergic synaptic connections that likely underestimate the number of connections that exist.
A Subset of Shox2 INs Makes Synaptic Connections to Commissural Neurons
We next examined whether Shox2 INs provide direct excitation to commissural interneurons (CINs). CINs serve an essential role in coordinating motor activity on the left and right sides the body (Grillner, 2006; Kiehn, 2006) . CINs are rhythmically active during locomotion in rodents (Butt et al., 2002b; Butt and Kiehn, 2003; Quinlan and Kiehn, 2007) and may be driven by excitatory neuronal activity during locomotion (Butt et al., 2002a) . We therefore looked for connections between Shox2 INs and identified CINs in a transverse spinal slice preparation ( Figure 7E ). CINs were recorded in whole-cell mode while spikes were elicited in Shox2 INs by application of short (10 ms) kainate (100 mM) puffs delivered from a microelectrode placed in juxtaposition to individual Shox2 INs (Jonas et al., 1998 ; Figure S3 ), permitting stimulation of up to four Shox2 INs, in turn, for each recorded CIN. Of 26 recorded CINs, four received short latency EPSPs (mean amplitude: 1.5 mV) in response to kainate applications to a Shox2 IN (Figures 7F and 7G ). Thus, a subset of Shox2
INs projects directly to commissural neurons located in the same segments. In summary, the electrophysiological connectivity studies demonstrate connections between Shox2 INs and neurons projecting ipsilaterally and contralaterally in the ventral spinal cord.
DISCUSSION
Studies of spinal networks have long implicated excitatory interneurons in the generation of locomotor rhythm, but their identity and precise contribution to CPG circuitry has remained ambiguous. This study of mouse locomotor networks reveals that a subset of lumbar spinal iEINs defined by expression of the homeodomain transcription factor Shox2, in the absence of Chx10, has a role in rhythm generation. Our findings provide insight into the molecular identity of iEINs involved in mammalian locomotor control.
Shox2 Expression Defines a Discrete Class of Ventral Excitatory Interneurons
The homeodomain protein Shox2 marks a discrete subset of ventrally positioned glutamatergic neurons with ipsilateral axons and targets. In postnatal spinal cord, we find that $75% of all Shox2 INs coexpress Chx10 and thus derive largely or exclusively from the p2 progenitor domain (Ericson et al., 1997) . Previous studies have shown that p2 domain progenitors give rise to excitatory V2a (Chx10 + ; Ericson et al., 1997; Peng et al., 2007) , and inhibitory V2b/c (Gata3 + /Sox1 + ; Panayi et al., 2010) 
Ablation of Shox2 + V2a Neurons Has Modest Effects on
Locomotor-like Activity Ablation of all V2a INs (Crone et al., 2008 (Crone et al., , 2009 , results in a disruption in left-right alternation, accompanied by an increased variability of locomotor burst amplitude and duration (Crone et al., 2008 (Crone et al., , 2009 ). Since we have established a division in V2a neurons based on the expression of Shox2 (Shox2 + V2a and Shox2 off V2a), we have explored the functions associated with these two populations by specifically ablating Shox2 + V2a INs in Shox2::Cre; Chx10-lnl-DTA mice. These mice displayed an enhanced degree of variability in burst amplitude and periodicity, without an impact on the frequency of the rhythm or left-right and flexor-extensor activity. The increased variability of motor output in the absence of major rhythm and pattern disruptions suggests a decreased fidelity of excitatory input direct to motor neurons. By subtraction, we attribute the disrupted left-right alternation seen when all V2a neurons are ablated (Crone et al., 2008 (Crone et al., , 2009 to Shox2 off V2a interneurons ( Figure 8A ). Together, these data suggest that the Shox2 + V2a neurons are involved in stabilizing burst amplitude and locomotor frequency while the Shox2 off V2a neurons drive the excitation of commissural pathways involved in left-right motor coordination.
Shox2
+ Non-V2a Neurons Are Involved in Rhythm Generation but Not Patterning Shox2 + V2a INs are the majority of Shox2 INs, but there is a significant population of Shox2 + non-V2a neurons that is left unaffected in the Shox2-Chx10DTA experiments. The most pronounced effect of silencing the output of all Shox2 INs was a reduction in the frequency of locomotion. This reduction in rhythm frequency was accompanied by increases in amplitude and burst variability of the locomotor activity but a retained flexor-extensor and left-right alternation, as compared to control mice. The increased amplitude variability and burst variability of the locomotor activity was similar to that seen both in V2a-ablated (Crone et al., 2008 (Crone et al., , 2009 ) and Shox2-Chx10DTA mice, and therefore may be ascribed to ablation of the population that is commonly affected in all circumstances, the Shox2 + V2a neurons (see above and Figure 8A ). On the other hand, the reduction in frequency is, by exclusion, selective to the ablation of Shox2 (Bui et al., 2013; Bui et al., 2012, Soc. Neurosci., abstract) . Therefore, the Shox2 + dI5 INs and/or the V2d neurons are likely responsible for decreased locomotor frequency seen in this study.
Another hallmark of vertebrate excitatory rhythm generating neurons is their recurrent connectivity (Li et al., 2006; Parker and Grillner, 2000) . Although connectivity was seen among Shox2 INs, it was sparse and we cannot ascribe this connectivity directly to Shox2 + non-V2a INs. It is notable that synaptic connectivity was not observed in previous studies of V2a neurons in the rodent spinal cord in Chx10-GFP mice (Dougherty and Kiehn, 2010a; Zhong et al., 2010) , nor has it been seen among excitatory Hb9 neurons (Wilson et al., 2005; Hinckley and Ziskind-Conhaim, 2006) .
The rostrocaudal distribution of rhythmicity found in Shox2 INs may match with the subsets of Shox2 INs having a role in rhythm generation. Thus, the rhythm generating capability in the spinal cord is distributed (Kiehn and Kjaerulff, 1998) throughout the lumbar cord but with a rostral (L1-L3) dominance (Cazalets, 2005; Kiehn and Kjaerulff, 1998) . Notably, this rostral-caudal difference in rhythmicity was not seen in V2a neurons, as Chx10-GFP rhythmic neurons were equally distributed along the lumbar spinal cord Kiehn, 2010a, 2010b; Zhong et al., 2010) .
Could there be an alternate explanation for the decrease in frequency observed in this study? Shox2 neurons could provide drive to the rhythm generating neurons-in which case a reduction in the glutamatergic drive to rhythm generating neurons would account for the decrease in locomotor frequency. We do not favor this possibility, since the majority of Shox2 neurons, particularly in more rostral segments, are rhythmically active during locomotion, thereby placing them either as part of the rhythm generator or downstream from it. If Shox2 neurons provide tonic drive to rhythm generating neurons, they would have to be located locally as Shox2-halorhodopisin experiments involved application of yellow light to an area of approximately three lumbar segments-with a consequent reduction in locomotor frequency.
Another possibility is that the non-V2a Shox2 neurons are not rhythm generating but the effect seen is due to a nonspecific decrease in the number of excitatory neurons required for rhythm generation. Essentially when a critical mass of excitatory cells is eliminated, the frequency will drop. However, the Chx10 neurons outnumber the Shox2 neurons by at least 20%-25%. Therefore, if the critical excitatory cell mass hypothesis was correct, we would expect there to be a pronounced reduction in frequency in Chx10DTA experiments (that Crone et al., 2008 Our findings implicate an excitatory neural population in the generation of rhythmicity. We note that the activity of inhibitory neurons involved in reciprocal inhibition between rhythmgenerating centers could also influence the frequency of the motor rhythm. Decreasing inhibition in such populations of inhibitory neurons will phase-delay the switching between half-centers, thereby decreasing the frequency of the locomotor rhythm. This effect is most likely what is observed after ablation of inhibitory En1 + neurons (Gosgnach et al., 2006 ) suggesting that at least part of this population is responsible for reciprocal inhibition between rhythm-generating halfcenters. Figure 8B ; see also Talpalar et al., 2013) . The Shox2 off V2a commissural pathway seems to be active at medium to high speeds (Crone et al., 2009) and it is likely that non-V2a Shox2 + neurons, together with other yet-to-be-identified iEINs, drive left-right alternation at lower frequencies of locomotion. Therefore, left-right alternation at higher frequencies is supported by Shox2 off V2a INs and at lower speeds the other rhythm-generating iEINs are capable of maintaining left-right alternation ( Figure 8B) . Figure 8B ). Flexor dominance was detected both in the firing of rhythmic Shox2 INs as well as connectivity profile analysis to motor neurons. In a comparative analysis, we detected approximately three times more Shox2 INs connecting to flexor (TA) than to extensor (GS) motor neurons. This observation is in line with previous findings showing that premotor neurons provide a much stronger synaptic excitation to flexor motor neurons than to extensor motor neurons during locomotor-like activity . Finally, premotor Shox2 INs were detected in a lateral position in the spinal cord, separated from Shox2 INs that are not connected to motor neurons. These findings support a view in which excitatory premotor neurons providing direct excitation to motor neurons are distinct from rhythmgenerating excitatory neurons.
Connectivity of Shox2 INs
Molecularly Defined Neuronal Populations May
Contribute to Multiple Network Functions Shox2 INs are clearly not the only rhythm-generating neurons in the locomotor network since rhythm remains in the absence of the Shox2 INs, although reduced in frequency. The molecular identity of other contributing interneurons is not known. Moreover, even within the Shox2 + non-V2a neurons, rhythm generation may be distributed among neurons derived from several progenitor domains. The picture that emerges from our study is therefore that rhythm generation in the mammalian locomotor network seems to emerge from the combined action of multiple populations of molecularly defined neurons. Furthermore, our study shows that a single molecularly defined population may contribute to several aspects of the locomotor function. It is plausible that defining a finer-grained molecular code may help to clarify the identity of these functional subgroups.
EXPERIMENTAL PROCEDURES
All experimental procedures followed the guidelines of the Animal Welfare Agency and were approved by the local Animal Care and Use Committees and competent veterinary authorities.
Mice
For details of generation of the Shox2::Cre mouse line, see the Supplemental Experimental Procedures. The chx10::LNL::DTA mice were similar to those used in Crone et al. (2008) . For conditional deletion of vGluT2, mice with loxP sites flanking exon 2 of the Slc17a6 gene, which encodes for vGluT2 were used (see Talpalar et al., 2011; Supplemental Experimental Procedures) . , and the Z/EG mice were obtained from Jackson Laboratory.
Immunohistochemistry
Immunohistochemistry was performed using standard protocols with antibodies listed in the Supplemental Experimental Procedures.
In Situ Hybridization
Combined in situ hybridization histochemistry/immunohistochemistry was performed on 12-20 mm cryostat sections, omitting the proteinase K step. vGluT2 full-length (GenBank AI841371) and exon 2 riboprobes were used.
Evaluation of Midline Crossing
Midline crossing was evaluated by retrograde labeling with tetramethylrhodamine dextran (Supplemental Experimental Procedures).
Preparations for Electrophysiological Experiments
Spinal cords from mice aged 0-5 days (P0-5) were isolated. Transverse slice preparations were used for connectivity and morphology and rhythmicity studies while dorsal-horn-removed preparations (Dougherty and Kiehn, 2010a) were used for studies of rhythmicity (Supplemental Experimental Procedures). All preparations were perfused with Ringer's solution (111 NaCl, 3 KCl, 11 glucose, 25 NaHCO 3 , 1.3 MgSO 4 , 1.1 KH 2 PO 4 , 2.5 CaCl 2 , pH 7.4, and aerated with 95% O 2 /5% CO 2 ) at a flow rate of 4-5 ml/min. Ventral root activity (signal band-pass filtered 100-1,000 Hz; gain 5-10,000) was recorded from ventral roots in L1 L2, L3, L4, or L5 with glass suction electrodes.
Recordings from Shox2+ INs
Patch electrodes used for whole cell recordings of Shox2-GFP cells contained (in mM): 128 K-gluconate, 10 HEPES, 0.0001 CaCl 2 , 1 glucose, 4 NaCl, 5 ATP, 0.3 GTP, at pH 7.4. Shox2-GFP cells were visually patched (Supplemental Experimental Procedures). Biocytin filled cells were after processing (Supplemental Experimental Procedures) traced postexperimentally using cameralucida, scanned in, and retraced in CorelDraw.
Drugs NMDA (5-10 mM) and 5-HT (8 mM) were bath-applied to induce locomotor-like activity.
Neural-Evoked Locomotor-like Activity Brainstem-evoked locomotor-like activity was elicited as previously described (Talpalar et al., 2011) .
Locomotor Analysis
The locomotor frequency (cycles per second, Hz) was calculated from 3-5 min of activity, taken at least 10 min after the initial burst of drug-induced activity, when the locomotor-like activity was stable. Locomotor-like activity was analyzed using rectified and smoothed (time constant of 0.2 s) signals of ventral root activity in either Spike2 (Cambridge Electronic Design) or a custom-made program in R package. Left-right and flexor-extensor coordination was assessed with circular statistic, where the vector direction gives the preferred phase of the activity and the length of the vector (r) the precision of the phase. p values larger than 0.05 determined by Rayleigh's test were considered nonsignificant. The degree of rhythmicity of individual Shox2-INs based firing or voltage fluctuations was also evaluated using circular statistics (Supplemental Experimental Procedures).
Viral Labeling of Premotor and Shox2 Neurons
Transsynaptic virus experiments using coinjection of attenuated rabies viruses and complementing AAV-G protein were carried out as previously described (Stepien et al., 2010; Tripodi et al., 2011; Supplemental Experimental Procedures) . For intraspinal injections, floxed-AAV-Synaptophysin-GFP was injected intraspinally and unilaterally at P3, followed by targeted hindlimb muscle injections (TA and GS) of f-dextran at P8, and experiments were terminated at P17 for analysis.
Statistics
Values are reported as mean ± SEM. The level of significance was p < 0.05 for all statistical tests. 
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